The phylogeography of South American lineages is a topic of heated debate. Although a single process is unlikely to describe entire ecosystems, related species, which incur similar habitat limitations, can inform the history for a subsection of assemblages. We compared the phylogeographic patterns of the cytochrome oxidase I marker from Anopheles triannulatus (N 5 72) and previous results for A. darlingi (N 5 126) in a broad portion of their South American distributions. Both species share similar population subdivisions, with aggregations northeast of the Amazon River, in southern coastal Brazil and 2 regions in central Brazil. The average V ST between these groups was 0.39 for A. triannulatus. Populations northeast of the Amazon and in southeastern Brazil are generally reciprocally monophyletic to the remaining groups. Based on these initial analyses, we constructed the a priori hypothesis that the Amazon and regions of high declivity pose geographic barriers to dispersal in these taxa. Mantel tests confirmed that these areas block gene flow for more than 1000 km for both species. The efficacy of these impediments was tested using landscape genetics, which could not reject our a priori hypothesis but did reject simpler scenarios. Results form summary statistics and phylogenetics suggest that both lineages originated in central Amazonia (south of the Amazon River) during the late Pleistocene (579 000 years ago) and that they followed the same paths of expansion into their contemporary distributions. These results may have implications for other species sharing similar ecological limitations but probably are not applicable as a general paradigm of Neotropical biogeography.
The substantial biodiversity in South American tropical and subtropical forests has been broadly attributed to 2 dynamics of the region. The first results from the long periods of relative ecological stability that retarded species extinctions. Specifically, unlike many temperate latitudes, the Neotropics did not suffer ecological decimation from glaciations during the Pleistocene and late Pliocene epochs (Hewitt 2000) .
The second mechanism is an unusually active machinery promoting speciation and population divergence (Prance 1982; Whitmore and Prance 1987) . This process includes both contemporary (i.e., ongoing) and historical ones. The former implicates mountains (Collins and Dubach 2000) and rivers (Peres et al. 1997; Hayes and Sewlal 2004) as impediments to gene flow that lead to allopatric divergence of reciprocally isolated populations. The orogeny of the Andes and the coastal mountain ranges (CMR) of southeastern Brazil, in particular, have been considered to act as a drivers of such divergence (e.g., Doan 2003; Souza et al. 2003; Torres and Ribeiro 2009) . Likewise, the river barrier hypothesis posits that the sheer size of Amazonian rivers precludes genetic exchanges between organisms on either shore (Bates 1863; Peres et al. 1997) .
Unlike contemporary forces, there has been considerable debate regarding the manifestation and extent to which palaeoecological perturbations contributed to biodiversity in Neotropical forests. The most-cited (and contentious) hypotheses for South America argue that forest fragmentation/ disturbance was a significant factor. These models propose that late-Pliocene/Pleistocene climatic oscillations relegated once continuous populations into small forest fragments or ecologically differentiated areas (Prance 1982; Haffer 1997; Colinvaux 1998 ). This isolation led to inter-and intraspecific divergence that may be observed in the genetic footprints of many extant forest organisms (Moritz et al. 2000; Lessa et al. 2003) .
Despite the varied hypotheses offering explanations for Neotropical biodiversity, a recent review of published speciation data suggest that little support exists for a single contributing factor to diversification and, indeed, that constant levels of speciation have occurred during the last several million years (Rull 2008) . Thus, the observed genetic footprints for species may well be idiosyncratic to individual taxa and a result of their respective historical experiences.
Further complicating inferences of past demographic and speciation dynamics are that genetic markers can yield misleading phylogeographic signals because of coalescent stochasticity (Irwin 2002) . For this reason, comparison between organelle and nuclear DNA has proved a powerful strategy for robust inferences (e.g., Eckert et al. 2008) . However, even the applicability of this approach to build generalized models about ecological assemblages can be tenuous, particularly if a study species has a mode of dispersion not shared with its codistributed taxa.
Given the above limitations, comparisons between contemporary species that share similar natural histories and overlapping distributions may be more effective for approximate inferences of the historical dynamics incurred by ecological assemblages. Such information is important because it can contribute to present-day initiatives to conserve regions where higher diversity exists, particularly in centers of endemism (Carnaval et al. 2009 ). To this end, landscape genetics combines the terabytes worth of both genetic and geographic data available (Manel et al. 2003) . This allows for parametric testing of gene flow hypotheses and, by extrapolation, phylogeographic histories.
We undertook analyses of population summary statistics and used landscape genetics to compare the New World human malaria vectors Anopheles darlingi and A. triannulatus. These species share generally sympatric distributions, both being broadly distributed from northern Argentina to Central America (Guimarães 1997) . Anopheles darlingi is the primary vector of malaria in Brazil (Lourenc xo- de-Oliveira et al. 1989 ) and encompasses a continuous population with isolation-by-distance around river and mountain barriers (Pedro and Sallum 2009) . Anopheles triannulatus is considered zoophilic and exophilic and, consequently, of lower risk to human health, although it poses epidemiological concern when in high densities (Rosa-Freitas et al. 2007 ). Larval habitats of both A. darlingi and A. triannulatus include lakes, canals, streams, rivers, and swamps with abundant floating vegetation (Faran 1980; Linthicum 1988) . Both species spend immature stages in shaded, slow-moving waterways (Bates and de Zulueta 1949; Zeilhofer et al. 2007) , which may explain their absence from mountainous areas, where water is generally turbulent (Silva-do-Nascimento and Lourenc xo-de-Oliveira 2007; de Barros et al. 2007; Pedro and Sallum 2009) .
Our a priori hypothesis was based on previous work with A. darlingi (Pedro and Sallum 2009) . We postulated that, given the similar ecological constraints and distribution of the 2 species, A. triannulatus experienced historical demographic scenarios analogous to A. darlingi. We thus redid many analyses previously carried out for A. darlingi in Pedro and Sallum (2009) and then combined the 2 data sets in hypothesis testing using landscape genetics.
Methods and Materials

Samples and Molecular Protocols
Anopheles triannulatus were identified according to Faran (1980) . Anopheles darlingi sequences analyzed herein (N 5 126) are the same as those of Pedro and Sallum (2009) . Collection localities are shown in Figure 1 , Table 1 , and Supplementary data 1. We omitted available A. darlingi sequences from Colombian and Central American populations because there was no analogous collection in these areas for A. triannulatus. Anopheles triannulatus sequences used in the present analyses (N 5 72) are all novel, except GenBank sequence AF417702. New sequences were deposited as Genbank accession numbers GU445849-GU445898. Samples collected less than 150 km apart (between and within species) were considered single collections for this analysis because such distances have been shown to produce little interpopulation differentiation (Scarpassa and Conn 2007) .
The specific protocols for the isolation of total DNA and the amplification of mitochondrial cytochrome oxidase I (COI) locus were identical for both A. darlingi and A. triannulatus. Briefly, DNA was extracted using a standard salting-out method (Sambrook et al. 1989 ) and the COI marker amplified using oligos C1-J-1718 (5#-GGAGGATTTGGAAATTGATTAGTTCC-3#; Simon et al. 1994 ) and COI-r (5#-TATGAAGCTTAAATTCATT-GCAC-3#; Pedro and Sallum 2009) . In samples where the above amplicon could not be generated, a second oligo (COI-f2: 5#-AATAGACGTTGATACTCGAGC-3') was used to produce a polymerase chain reaction product of 522 bp. Four-hundred and forty-nine bases were sufficient to generate a robust phylogeographic pattern, and thus we sequenced products in one direction using primer COI-r. Ambiguous traces were resequenced to confirm electropherogram readings.
Analyses for A. triannulatus Previously Done with A. darlingi
We utilized the parsimony algorithm of the program TCS (Clement et al. 2000) to ascertain the ancestral haplotype of the data set. This is premised on the finding that out-group probabilities can be assigned to haplotypes in a network based on their location relative to other sequences (interior nodes being older than tip nodes) and their frequencies (ancestral haplotypes being more represented than derived ones). In cases where loops existed within the network, we resolved these based on Crandall et al. (1994) .
SAMOVA version 1.0 (Dupanloup et al. 2002) was used to define geographically homogeneous population groupings that are most differentiated from other similar aggregates. The program was run for K 5 2-8 from each of 1000 random initial conditions. We chose the point at which the F CT curve begins to plateau to define the optimal number of groups (Heuertz et al. 2004) .
ARLEQUIN version 3.1 (Excoffier et al. 2005 ) was used to test for a signal of spatial expansion. The mutation rate per site (449 bp), l, was set to 449 Â 10 À8 (Powell et al. 1986 ). The spatial expansion analysis yields H (both the size estimate prior to spatial expansion and the contemporary deme size) and s, the time estimate for the start of expansion. Fu's F S test of neutrality (Fu 1997) and pairwise U ST between individual populations and SAMOVA-defined population groups were also undertaken in ARLEQUIN.
Analyses Undertaken for Both Species
The Hudson, Kreitman, and Aguadé test (HKA) (Hudson et al. 1987) , as implemented in the program HKA (http: //lifesci.rutgers.edu/;heylab/HeylabSoftware.htm#FPG), was used to identify whether the phylogenetic signal of the 2 species is concordant across shared collection sites.
We sought to identify the point at which the Amazon River and CMR cease to be impediments to gene flow for both A. darlingi and A. triannulatus. For this, geographic distance matrices were constructed for populations affected by one or the other of these barriers (Supplementary data 2). The baseline matrix was done for both species with all interpopulation straight-line distances. The subsequent matrices incorporated geographic distances around idealized barriers added in 100 km increments. Thus, for the Amazon River, these inferred impediments (equivalent to the inability of mosquitoes to cross freely because of river width) began near the mouth (the widest portion) and progressed westward along the (narrowing) course of the river. For the CMR, inferred barriers (equivalent to areas of declivity inhospitable to mosquitoes because of water turbulence) began at the highest declivity between collections SP and RJ ( Figure 1) and progressed northward at 100 km intervals along the line of highest declivity (generally the CMR Figure 1 . Map of collection sites for Anopheles darlingi and A. triannulatus. Dashed lines with arrows indicate the inferred routes of expansion of lineages from ancestral regions for both species. Two-or 3-letter abbreviations designate locations as per Table 1 and Supplementary data 1. Colored rectangles identify the population groupings derived from SAMOVA and the respective grouping name for each species. Note that among the 2 species, groupings NE2 and SE overlap.
ridgeline; areas of high declivity are indicated in white in Figure 3 ). Partial Mantel tests were then done to test the interaction between pairwise genetic distances and the 2 geographical matrices, where the first described the null hypothesis (H 0 ) and the second (H 1 ) incorporated a landscape barrier of 100 km in addition to the distances calculated in H 0 . If H 0 was rejected for a given partial Mantel test, we then tested the next 2 geographical matrices until the fit of H 1 to the genetic distance matrix was no longer significantly better than that of H 0 ; thus, in subsequent comparisons, the initial H 1 became the H 0 . We used the landscape genetic software SPLATCH (Currat et al. 2004 ) to simulate demographic and spatial scenarios for the 2 species. SPLATCH simulates the expansion of a lineage from an ancestral area through a habitat matrix where pixels are defined by various degrees of landscape friction and carrying capacity. Pixels of 50 Â 50 km were used to make simulations computationally tractable. The friction map consisted of the average topological declivity and maximum river width for each pixel. Carrying capacity, migration, and start of expansion were based on the results from the ARLEQUIN instantaneous spatial expansion analyses above. We compared U ST distance matrices (based on the same geographical locations as in Figure 1 ) from 100 simulated expansions with that of the observed data. These matrices were linearized, and the sum of square deviations (SSDs) between the observed and simulated matrices was used as a test statistic using GenStat (11th edition; VSN International). The null hypothesis was rejected when the SSD of the observed data was greater than 95% of the SSDs of simulated values.
Results
Analyses Undertaken for A. triannulatus Table 1 ).
The minimum spanning network for A. triannulatus showed a generally intermixed populations except for NE2 and SE, which were both nearly monophyletic (Figure 2) . The inferred ancestral sequence (with an out-group probability of 0.10) was A, which occurs only in the Amazonian population PAXi. Samples SE are most related to Amazonian sequences (PP, QQ, and RR), rather than the geographically proximate SP and MG haplotypes. Other than sequence F, all NE2 haplotypes are reciprocally monophyletic in the network.
Pairwise U ST between the 5 SAMOVA groupings yielded significant differences between all comparisons except South and SP (Table 2) , suggesting modest connectivity between these. Pairwise U ST between individual collection sites indicates a similar pattern. Population AP is significantly different from all other populations except MS and PR2. SP was not significantly different from the 2 other geographically proximate populations (PR2 and MG).
The ARLEQUIN spatial expansion analysis for A. triannulatus yielded H and s corresponding to an effective female population size of 551 224 and expansion 579 000 years ago (Table 1) , respectively. Fu's F S values indicated signification departure from neutrality for all population groupings other the SE. The straight-line Mantel test for all A. triannulatus populations was not significant (P 5 0.22).
Analyses Undertaken for Both Species
Partial Mantel tests were undertaken with both species using the sequential nested distance matrices described in Methods and Materials. For A. darlingi, H 1 was statistically significant (P , 0.05) for a barrier up to 1200 km from the mouth of the Amazon (where the River is ca. 4 km wide). Along the CMR, this value was of 11 000 km from the southern stretch of the mountain chain; here, the average declivity is 8 degrees. These results are in accordance with landscape impediments proposed by Pedro and Sallum (2009) . Although not statistically significant, the H 1 matrices beyond these distances are better correlated to the observed U ST data than H 0 . For A. triannulatus, no H 1 matrix was significantly better than the H 0 , although all H 1 matrices were always better correlated to the U ST values than H 0 for both mountain and river barriers. This result may be an artifact of low sample size.
The SPLATCH input map was primarily defined based on results of the partial Mantel tests of A. darlingi for which more samples and locations were available and which showed a similar phylogeographic pattern as A. triannulatus. Consequently, pixels containing waterways of more than 4 km in width and areas with average declivities of more than 8 degrees were considered complete barriers to dispersal for both species. Input parameters for carrying capacity, migration, and start of expansion were based on respective ARLEQUIN spatial expansion results for both species (H, M, and s, respectively). Carrying capacity for pixels with average declivities of from 8 to 0 degrees increased linearly from 0 to 551 224 individuals for A. triannulatus and from 0 to 202 647 individuals for A. darlingi. Friction values for pixels with average declivities from 8 to 0 degrees had friction values of 100% to 0% for both species. The beginning of spatial expansion for A. darlingi and A. triannulatus was, respectively, 323 000 and 579 000 generations. The SPLATCH input map incorporating habitat friction/carrying capacity is displayed in Figure 3 . Because estimates were tenuous, we considered for both species 3 growth rates: 2, 5, and 10. Population expansion was designated as having begun in site ITB for A. darlingi and PAXi for A. triannulatus (Pedro and Sallum 2009, Figure 1 ), based on the localities of haplotypes with the highest out-group weights in the TCS network.
SPALTCH results for the 2 species indicate that the observed U ST matrices are not significantly different from those of the 100 simulations when both river and declivity (mountain) barriers are considered: for both species and for all growth rates (P . 0.05). However, when either the mountains or rivers were eliminated as sources of friction, there was a significant difference between the observed and simulated matrices for all species and growth categories P , 0.01. When demographic parameters were switched between species, there was also no significant departure from the above patterns.
To test the hypothesis that polymorphism and divergence within collection sites and between species fit the expectations of a standard neutral model, we performed the HKA test. Here, the null hypothesis is that sympatric collections for the 2 species showed the same pattern of diversity and divergence. The alternative hypothesis proved nonsignificant (P 5 0.97).
Discussion
A Single Mechanism of Neotropical Diversification?
Given the known and hypothesized historical perturbations in South America, various genetic histories should exist between and within species; each conditioned on respective ecology and areas of occurrence. Thus, modern genetic footprints are superimpositions of many of these processes and it is a logical conclusion that the latest event (a generally intraspecific time frame) would be that registered most faithfully. For example, the marine incursion hypothesis, which posits extensive flooding in South America during the Miocene, is often invoked as promoting diversification. However, its timing (15-23 million years ago; Hoorn 1993) means that any genetic signals (primarily of speciation) are likely to have been overshadowed by subsequent processes as well as being diluted by extensive migration/gene flow since.
Inferences are also limited if the species analyzed have narrow distributions. Under the River Refuge scenario, for example, forest species with ranges not abutting waterways do not record rivers as impediments, although they may be so for related taxa in geographical ranges where large rivers occur. Conversely, taxa with broad distributions may be affected by more than a one ''moulder'' of genetic diversity. Ateles spider monkeys, for example, were inferred to have been affected by the Amazon barrier, forest refugia, as well as the Andean uplift (Collins and Dubach 2000) . The stochastic process of lineage coalescence can lead to false inferences of phylogeographic discontinuities, particularly when a single organism or single marker is analyzed (Irwin 2002) . This is particularly problematic in testing for refuge hypotheses because areas of abrupt phylogenetic breaks may be mistaken for refuge boundaries, when in fact they are not. Likewise, the ecology of species can have implications for their response to habitat perturbations. Hayes and Sewlal (2004) , for example, noted that codistributed forest and terra firme birds were most influenced by the Amazon River, but this was less so for open-country species.
Given the extent of environmental heterogeneity in South America, the breadth of ecological niches and the varying vagility of the many endemic organisms, it would be unproductive to explain divergence/diversity dynamics in wet forests using a one-size-fits-all model. Thus, robust phylogeographic histories of entire ecological assemblages are probably impossible. However, this may be possible for closely related species that share similar ecological needs and distributions vis-a-vis forest habitat (Bush 1994) . Ideally, such an assessment should comprise only taxa that are broadly distributed (e.g., Vanzolini and Williams 1970) .
Concurrence of Genetic Diversity between A. darlingi and A. triannulatus
The fact that they both share extensive ecological requirements, including forest dependence, aversion to turbulent water, and limited flight range (Charlwood 1996; Martínez and Delgado 2000; Nagm et al. 2007 ), A. darlingi and A. triannulatus should have experienced similar geographical and ecological perturbations. That they both share extensive codistributed ranges allows a continental-scale evaluation of the most important processes that have shaped gene flow, rather than stochastic or less significant local ones.
Mantel tests suggest that both the Amazon and the CMR substantially impede gene flow in these species for more than 1000 km. The River is a barrier from its mouth upstream to the confluence of the Solimões and Rio Negro, where its width substantially narrows (collection site MAN in Figure 1 ). The north-south CMR also provides little opportunity for dispersal of either species because, we hypothesize, its declivity precludes slow-moving streams and pools necessary for immature development: both species have been shown to be rarer in these areas (Silva-do-Nascimento and Lourenc xode-Oliveira 2007; de Barros et al. 2007) . Animals are forced to disperse around barriers and have thus become substantially diverged from otherwise neighboring populations (RJ/ES vs. DOU/MG and AP vs. PAXi/TAI, for example). Pedro and Sallum (2009) hypothesized that the ancestral area for extant A. darlingi lineages originated in population ITB (Figure 1 ) because of the occurrence there of ancestral haplotypes K and J. If A. triannulatus lineages likewise originated in this region, an assumption supported by the network out-group weight of PAXi haplotype A, then the hypothesized expansion of both species would, barring any other obstacles, have occurred as depicted by the arrows in Figure 1 .
SAMOVA yielded 5 population groupings for both species. However, because neither A. darlingi groups NE1 and NE2 (Pedro and Sallum 2009) nor A. triannulatus groups SP and South (Table 2) were significantly differentiated based on pairwise U ST comparisons (Table 2) , 4 generally overlapping groupings are seen for both species: NE, Central, South, and SE. An explanation for the separation of Central and South population groups by SAMOVA is not straightforward, although in both species studied, these groups are those most related based on U ST comparisons (Table 2 and Pedro and Sallum (2009) ). This may potentially be a result of higher diversity in some Central collections, which we infer to be the ancestral region based on network out-group probabilities. Lighter colored regions are of higher friction values (white is region of 100% friction). Rivers wider than 4 km are assumed to be full barriers to dispersion, as are pixels where the average declivity is 8% or higher.
Origin and Dispersal Pathways of A. darlingi and A. triannulatus
Although distributed throughout various biomes of Central and South America, both species generally occur in higher frequencies in forested areas with slow-running shaded streams (Faran and Linthicum 1981; Linthicum 1988) . That A. darlingi and A. triannulatus show similar signatures of population origin for contemporary lineages (ITB and PAXi, respectively) may be evidence for a refuge where similarly constrained organisms were isolated.
There is a significant signal of population expansion (based on Fu's F S ) in all A. triannulatus groups other than SE, which suggests that most populations are not at mutation drift equilibrium. This was also seen in A. darlingi (Pedro and Sallum 2009 ). The start of spatial expansions for combined populations, which was not significantly different between species, suggests a late Pleistocene event.
The parsimony networks for both species yield broadly similar patterns (Figure 2) , the most obvious being the reciprocal monophyly of RJ/ES samples and their substantial genetic distance from geographically proximate locations across the CMR (Figure 1 ). Similar east-west genetic splits have been noted that implicate the mountains as impediments to dispersal (Cardoso et al. 2000; Ditchfield 2000; Lara and Patton 2000; Monteiro et al. 2005) .
Given that A. darlingi collections NE1 and NE2 were not significantly differentiated (Pedro and Sallum 2009) , both species essentially display little population structure and comparatively low genetic diversity northeast of the Amazon delta (Table 1) . Here, haplotypes for both species are private alleles except for K of A. darlingi, which was found predominantly on the southern shore of the Amazon. Likewise, A. triannulatus haplotype F (found north of the River) occurs within a southern lineage (Figure 2 ). In light of the river barrier hypothesis, these apparently transposed haplotypes have been attributed to potential human dispersal across the Amazon River (Pedro and Sallum 2009) . They may also result from unassisted dispersal across the islands of the relatively narrow Amazon delta. Of course, incomplete lineage sorting between regions cannot be discounted.
Hypothesis Testing of Both Species
The effective population size of A. triannulatus was estimated to be larger than that of A. darlingi, as evidenced by H values (Table 1 ) and its more diverged haplotype network (Figure 2) . The results of the HKA test, indicate that even after incorporating this variable, there was no significant difference in geographic haplotype variation between taxa for codistributed collection sites. This suggests that the 2 species have not had significantly different demographic or phylogeographic histories since they populated their respective contemporary ranges.
We used SPLATCH parameters based on summary statistics of neighborhood size for each 50 Â 50 km pixel. Although we could not accurately estimate neighborhood size for either species, 2-fold alteration of these values in either direction did not substantially change the landscape genetic results for either species (data not shown). Likewise, exchanging parameter values between A. triannulatus and A. darlingi did not result in a different pattern from that described in Results. Thus, the simple hypothesis that the Amazon River and the CMR are substantial barriers to gene flow can explain the genetic diversity of these species in South America.
Conclusions
In light of the refuge hypothesis, a tenuous inference can be made that A. darlingi and A. triannulatus originated south of the Amazon River, in a refuge approximately halfway between the Atlantic Ocean and population MAN (Figure 1) . Two candidate refugia have previously been hypothesized to occur here by Prance (1982) : the Belém and Tapajós.
The relevance of river and mountain barriers for these 2 malaria vectors has important human health consequences. The basic layout of gene flow is of a 3-pronged expansion from central Amazonia west and north, around the Amazon River, and south and east, on either side of the CMR. Thus, barring other factors, this pattern can inform regional measures to control vector and disease dispersal. For example, if malaria becomes established in SE areas (Figure 1 ), a realistic potential given present global warming scenarios (Rogers and Randolph 2000) , the more efficient strategy would be to concentrate control resources along the coastal regions east of the CMR, rather than in otherwise proximate SP or MG locations. Additional culicid species of epidemiological concern and sharing similar ecological limitations may likewise show the same pattern of barriers.
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